We present results from a low-frequency passive seismic (LFPS) survey that was carried out over an oil field in southern Germany. The LFPS method analyses the spectrum of the ambient seismic noise recorded with broadband seismometers in order to test for spectral signatures that may be indicative of hydrocarbon accumulations in the subsurface. Due to the very low amplitude of the ambient seismic background wave field (typically between -120 to -180 dB [w.r.t. 1 m/s]), the method is very sensitive to variations in surface-related cultural noise. Using a survey in an urban environment as an example, we show how the naturally occurring background wave field can be extracted by proper identification and separation of cultural noise. Despite considerable contamination of the records by anthropogenic noise, we observe a statistically significant increase in the ratio between vertically and horizontally polarized seismic energy above the reservoir.
Introduction
Passive seismic spectroscopy of the ambient seismic noise field is an emerging technology that is increasingly being used for hydrocarbon exploration. A characteristic modulation of the ambient seismic spectrum that is well correlated with the presence of hydrocarbon accumulations in the subsurface has been observed at many places throughout the world (Dangel et al., 2003 , Lambert et al., 2009 , van Mastrigt & Al-Dulaijan, 2008 , Birialtsev et al., 2006 , Akravi & Bloch, 2006 . The observed spectral signature is likely caused by an interaction of porous reservoir rock with the seismic background wave field ) and its strength is expected to depend on reservoir properties. If measured from the surface in the vicinity of infrastructure, the spectral signature may be overprinted by cultural noise. Therefore, careful data analysis is required to isolate the naturally occurring signal from anthropogenic noise. In this paper we present results from a LFPS survey that was carried out in an urban area in Germany with a corresponding high level of cultural noise (Figure 1 ). We identify and separate various types of anthropogenic noise from the records in order to isolate the uncontaminated seismic background wave field. A possible spectral modulation of the background wave field can be quantified by a number of attributes. We discuss strengths and weaknesses of the calculated attributes with respect to their sensitivity towards various effects that may be contributing to the observed spectral signature.
Survey Description
We use data from an LFPS survey that was carried out in the Rhinegraben Valley of Southern Germany within and around the city of Speyer (pop. 50,000). The layout of the survey consists of two lines with 25 stations, spaced 300 m apart, with a maximum line length of about 7.5 km. Each station was equipped with a buried three-component broadband seismometer, digitizer, and GPS unit for continuous passive seismic recording. The objective of this survey was to test the LFPS methodology over a known oil field with the possibility to provide additional information for use in reservoir characterization. The southern line tries to avoid congested areas to the extent possible, while still meeting the survey objectives, by running in between Speyer and the adjacent villages. Major sources of cultural noise along the southern line are federal highways (indicated in orange on Figure 1 ). The northern line runs through an industrial quarter and crosses the Rhine River, both major sources of various types of cultural noise. The Römerberg oil field is located approximately in the center of both lines, underneath the city, and along a SW-NE trend created by a westward dipping normal fault at depth. The reservoir is located on the footwall side of the fault in the lower Triassic at a depth of about 2400 m, and was discovered by a geothermal exploration well.
A test deployment was carried out before the survey in order to assess the feasibility of a LFPS survey, given the expected level of cultural noise in the survey area. It was found that, on top of a diurnal variation, the level of cultural noise also shows a considerable weekly variation with the quietest period occurring at night between Saturday and Sunday. In order to account for these variations in anthropogenic noise, it was decided to record lines synchronously over a weekend.
Processing and Analysis
The first processing step is the characterization of the raw records and the identification of major noise sources. Figure 2 shows average power spectral density (PSD) spectra from selected stations in comparison to the New Global Noise Model (Peterson, 1993) . Typically, the natural noise notch between the ocean wave peak (OWP) and the onset of anthropogenic noise creates a window of "opportunity" for the observation of a low-frequency reservoir response. We notice that the noise level between 1 and 4 Hz is close to the New High Noise Model (NHNM), indicating that the ambient seismic noise in Speyer is among the highest worldwide in this frequency band. In addition, we observe distinct narrow peaks that can be attributed to stationary machinery. The most prominent of these is a peak at 2.083 Hz (arrow in Figure 2 , Bokelmann & Baisch, 1999 ) that is observed with almost constant amplitude across the whole array. We observe an order of magnitude of 24-hour variation of the noise level above ~ 0.5 Hz. Closer inspections reveal that the time between midnight and 7 am on Sunday morning was by far the quietest time period on all stations. All subsequent analysis was therefore focused on this time period. Anthropogenic noise generally comes in two flavors: (i) transient signals of broad bandwidth, created by, e.g., traffic, fauna, explosions, or falling objects; (ii) stationary noise of very narrow bandwidth, created, e.g., by machinery, running water, buildings shaking at their resonance due to continuous excitement (e.g., high rise buildings, highway bridges). Transient noise due to various forms of transportation is the most abundant in the data. To edit it out, we follow a statistical approach where we calculate the average spectral level within 40 s time windows for the analysis time period (midnight to 7 am on Sunday). Figure 3a shows spectrograms before and after muting of transient cultural noise (in this case caused by barge traffic on the Rhine River). Arranging these spectral levels in a histogram (Figure 3c ), we observe a bimodal distribution and can mute all time periods above a fixed threshold level belonging to the higher mode. For quality control, we look at the spectral variance over the selected time period (Figure 3b ) and observe an overall reduction in spectral variance, and convergence of the average to the lower end member representing the natural background level plus stationary noise. A frequency-domain despiking algorithm removes narrow peaks created by stationary noise such as the one at 2.083 Hz. To quantify a spectral modulation, we calculate attributes from the clean (i.e., muted & despiked) data. We use mainly two attributes for quantification: (i) an integration of the PSD spectrum of the vertical component between the OWP and the onset of cultural noise (called PSD-IZ), and (ii) an integration of the spectral ratio between vertical and horizontal component (called V/H). The PSD-IZ attribute is susceptible to remnant contamination with cultural noise in the analysis window, and may therefore be unreliable in an urban setting. The V/H attribute is more robust with respect to transient noise contamination, because equally distributed noise between vertical and horizontal component is normalized out of the signal. On the other hand, it is known that the V/H ratio is susceptible to site effects, or variations in the shallow subsurface (Okada, 2003) . Therefore, any result derived from V/H attributes has to be carefully checked against a possible lateral variability of the shear wave velocity in the shallow overburden (site effects). 
Results & Conclusions
Despite the high level of cultural noise in the survey area, we are able to observe a region of elevated V/H ratios between 1.5 to 3.5 Hz in the center of both lines. Figure 4 shows the attribute profile for the northern line in comparison to a velocity model that shows the target feature at depth. The extent of the anomaly is delineated by the two dashed lines. Error bars for each attribute are estimated from the standard deviation of all attributes that are calculated over 40 s spectra within the analyzed, edited time period (midnight to 7 am on Sunday). Because the lateral variation of attribute values in the anomalous region is larger than the standard deviation, we can state that the observed anomaly is statistically significant. Furthermore, a careful check revealed that there is no indication that the observed anomalous V/H ratio can be in any way attributed to site effects in the shallow subsurface. We therefore conclude that we observe the surface expression of a spectral modulation of the background seismic wave field either by the target structure itself or by changes of material (resp. fluid) properties within the target structure.
